Almost all data collected at the LHC during the 7 and 8 TeV runs has now been analysed by the ATLAS and CMS collaborations. Its consistency with the Standard Model (SM) predictions has cornered the CP-conserving two-Higgs doublet model (2HDM) into the SM limit, sin(β − α) = 1. However, there are still allowed regions of the 2HDM parameter space away from this limit. In this work we discuss how the 2HDM is performing in view of the LHC data together with the remaining available experimental and theoretical constraints.
Introduction
The discovery of a neutral Higgs boson 1 at CERN's Large Hadron Collider (LHC) has now been confirmed. Hence, all extensions of the Standard Model (SM) have to abide to the existence of a Higgs boson with SM like properties and with a mass of around 125 GeV. The two-Higgs doublet model (2HDM) is one of the simplest extension of the SM. It is built with the addition of a second complex scalar doublet to the SM field content. Consequently, one obtains a richer particle spectrum with one charged and three neutral scalars. All neutral scalars could in principle be the scalar discovered at the LHC 2 . However, a pure pseudo-scalar state with a 125 GeV mass has now been experimentally ruled out 3 . In the next section we present the 2HDM model and in the following sections we discuss how well the most common CP-conserving 2HDM can accommodate the LHC data.
The Model
The addition of a second complex scalar doublet to the SM's Yukawa Lagrangian gives rise to the appearance of scalar exchange flavour changing neutral currents (FCNCs) which are known to be strongly constrained by experiment. Avoiding those dangerous FCNCs can be accomplished by simply imposing a Z 2 symmetry on the scalar doublets, Φ 1 → Φ 1 , Φ 2 → −Φ 2 , and a corresponding symmetry to the fermion fields. This leads to the well known four Yukawa model types I, II, Y (III, Flipped) and X (IV, Lepton Specific) 4 . The scalar potential in a softly broken Z 2 symmetric 2HDM can be written as
where Φ i , i = 1, 2 are complex SU (2) doublets. All parameters except for m 2 12 and λ 5 are real as a consequence of the hermiticity of the potential. We will focus on the CP-conserving potential where m 2 12 , λ 5 and the VEVs are all real. In this model the three CP-eigenstates are usually denoted by h and H (CP-even) and A (CP-odd). As shown in 5 , once a CP-conserving vacuum configuration is chosen, all charge breaking stationary points are saddle points with higher energy. Hence, the 2HDM is stable at tree-level against charge breaking and once a non-charge breaking vacuum is chosen the model has two charged Higgs bosons that complete the 2HDM particle spectrum. We choose as free parameters of the model, the four masses, the rotation angle in the CP-even sector, α, the ratio of the vacuum expectation values, tan β = v 2 /v 1 , and the soft breaking parameter redefined as M 2 = m 2 12 /(sin β cos β) (see 6 for a review of the model). The remaining theoretical and experimental constraints used in this work were recently discussed in 7 .
3 Results and discussion Figure 1 : Points in the (sin α, tan β) plane that passed all the constraints in model type I using the ATLAS data analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey).
Also shown is the line for the SM limit sin(β − α) = 1.
We randomly generate points in the model's parameter space such that m h = 125 GeV, 90 GeV ≤ m A ≤ 900 GeV, m h < m H ≤ 900 GeV, 1 ≤ tan β ≤ 40, −(900) 2 GeV 2 ≤ m 2 12 ≤ 900 2 GeV 2 and −π/2 ≤ α ≤ π/2. In order to respect the flavour constraints we take 90 GeV ≤ m H ± ≤ 900 GeV for type I while for type II the allowed range is 360 GeV ≤ m H ± ≤ 900 GeV. We define the quantities R f as the ratio of the number of events predicted in the 2HDM to that obtained in the SM for a given final state f .
where h is the lightest CP-even Higgs (125 GeV), σ is the Higgs production cross section, BR the branching ratio, and h SM is the SM Higgs boson. In our analysis, we include all Higgs production mechanisms, namely, gluon-gluon fusion using HIGLU at NLO 8 , vector boson fusion (VBF) 9 , Higgs production in association with either W , Z or tt 9 , and bb fusion 10 . A number of similar studies where LHC data was used to constrain the 2HDM were presented in 11 . Figure 2 : Points in the (sin α, tan β) plane that passed all the constraints in model type II using the ATLAS data analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey). Also shown are the lines for the SM limit sin(β − α) = 1 (negative sin α) and for the limit sin(β + α) = 1. Figure 3 : Points in the (sin(β − α), tan β) plane that passed all the constraints in model type II using the ATLAS data analysis (left) and using the CMS data analysis (right) at 1σ in green (light grey) and 2σ in blue (dark grey). Also shown are the lines for the SM limit sin(β − α) = 1 and for the limit sin(β + α) = 1.
In figure 1 we present the results for the type I model in the (sin α, tan β) plane using the ATLAS data 13 (left) and the CMS data 14 (right). The differences between the two plots are easy to understand. The ATLAS data analysis forces R ZZ to be large but as we have previously shown 7 R ZZ can never be above one in type I. Consequently, no points survive at 1σ. With the CMS data analysis plenty of 1σ points survive because all R V V are below one. The 1σ region is slightly away from the SM limit because the central values of R V V are below one. Further, we see in both plots a large dispersion of values around the SM limit. The reason is that R V V ≈ sin 2 (β − α) in the limit where BR(h → bb) ≈ 1 and this function is very sensitive from deviations from 1.
In figure 2 we now show similar plots for the type II model. In type II, R V V is not a sensitive quantity 7 . Therefore both the 1σ and the 2σ points are very close to the two limiting lines. The difference between the two plots is that the points tend to concentrate below the limiting lines for ATLAS and above the same lines for CMS. This is of course a consequence of the central values of the ATLAS R V V being above the SM while the CMS ones are below the SM expectation. Finally we present in figure 3 plots similar to the ones in figure 2 but now in the (sin(β − α), tan β) plane. Again we see the same trend with the allowed points on opposite sides of the limiting lines, sin(β − α) = 1 and sin(β + α) = 1. We should point out that remarkably (even being very conservative), we can already say that values of sin(β − α) below 0.5 are excluded at 2σ. Even more interesting is that for values of sin(β − α) below say 0.8 tan β has to be below 4. Hence, in type II large values of tan β are only allowed close to the SM limit. Note that a scan is performed varying all parameters except m h = 125 GeV with no need to define any benchmarks. Finally it is also interesting to note that also the value of cos(β − α) (and consequently the coupling of the heavy Higgs to the gauge bosons) is already constrained by the light Higgs data 7 .
